Applying vacuole-perfusion and plasma membrane permeabilization techniques to internodal cells of Chara, we analyzed the requirement of Cl -for the action of cycloprodigiosin (cPrG) to inhibit vacuole acidification in situ. By combining the two techniques, the Cl -concentration on both sides of the tonoplast could be controlled. In permeabilized cell fragments lacking Cl -in the vacuole, the inhibitory effect of cPrG on vacuole acidification was cancelled. On the other hand, Cl -in the cytoplasm was not needed for the cPrG action. These results supported the function of cPrG as a H + /Cl -symporter. Requirement of Cl -for the cPrG action was also demonstrated in vacuole-perfused living cells. This is the first report on the mechanism of cPrG action in situ.
Introduction
The vacuole in a mature plant cell occupies a large part of the total cell volume and exerts various physiological functions, accumulating some kinds of amino acid, sugars and secondary metabolites, and conducting hydrolysis activities. Low pH is necessary for these vacuolar functions, and two membrane proteins are involved in acidification of plant vacuoles, vacuolar-ATPase (V-ATPase) and vacuolar-pyrophosphatase (V-PPase) (Chanson et al. 1985 , Marin 1985 , Shimmen and MacRobbie 1987 . Bafilomycin A 1 (Bowman et al. 1988 ) and concanamycin 4-B (Dröse et al. 1993 ) have been reported to be specific inhibitors of mammalian V-ATPase. These inhibitors also inhibited plant V-ATPase (Brauer et al. 1997 , Muller et al. 1996 , Okazaki et al. 1992 , Romani et al. 1996 , Tazawa et al. 1995 , but not plant V-PPase (Okazaki et al. 1992 , Matsuoka et al. 1997 .
A group of chemicals, prodigiosins, have been obtained from various bacterial sources (see for review, Gerber 1975). Kataoka et al. (1995) reported that prodigiosin 25-C inhibited acidification of lysosome vesicle by uncoupling V-ATPase. It was later suggested that members of prodigiosins, prodigiosin, metacycloprodigiosin and prodigiosin 25-C, work as a H + /Cl -symporter in inhibiting acidification . Kawauchi et al. (1997) reported that another prodigiosin, cycloprodigiosin (cPrG) purified from marine bacterium Pseudoalteromonas denitrificans, also uncoupled V-ATPase in vesicles of chromaffin granules. The possibility of cPrG as a simple protonophore was excluded by the experiments showing that cPrG did not affect membrane conductance of phospholipid bilayers (Kawauchi et al. 1997) . We found that cPrG inhibited both PPase-dependent and ATPase-dependent acidification of vacuole in internodal cells of Characeae . Using the tonoplast vesicle of mung bean, we found that Cl -was necessary for cPrG to uncouple H + -pyrophosphatase (Maeshima et al. 1999) . It was suggested that cPrG inhibits vacuole acidification as a H + /Cl -symporter. To confirm this possibility, experiments are necessary to control the Cl -concentration on both sides of the tonoplast, cytoplasm and vacuole. Such types of experiments are practically impossible in ordinary plant cells, but possible in characean cells (Shimmen and MacRobbie 1987) .
A method of vacuolar perfusion has been developed, enabling complete replacement of the natural cell sap with an artificial cell sap (Tazawa 1964) . Shimmen and Tazawa (1983) developed a technique of plasma membrane permeabilized cell, where the permeability of the plasma membrane was extensively increased. In the permeabilized cell, the chemical composition of the cytoplasm can be freely modified. By combining the two techniques, the chemical composition of both sides of the tonoplast can be controlled in situ (Shimmen and MacRobbie 1987) . Applying these techniques, we analyzed the role of Cl -in inhibition of vacuolar acidification by cPrG in situ.
Materials and Methods

Plant materials
Chara corallina was cultured in an air-conditioned room (about 25°C) as reported previously . A plastic bucket for culture was illuminated with fluorescence lamps from above (about 12,000 lux at the surface of water).
We applied both vacuolar perfusion and plasma membrane permeabilization techniques to the same cell to control the Cl -concentration on both sides of the tonoplast. For vacuolar perfusion, internodal cells must be long enough. When cells were grown under our ordinary culture condition, it was hard to permeabilize the long matured cells, probably because they were old. Old cells can not be permeabilized (Shimmen and MacRobbie 1987) . For this purpose, young long cells must be prepared. Internodal cells suitable for application of both techniques were obtained as follows. Chara plants were harvested from the ordinary culture and were incubated in a 40 liters plastic bucket filled with artificial pond water (APW) containing 0.1 mM KCl, 0.1 mM CaCl 2 , and 1 mM NaCl. The bucket was illuminated with light from ceiling lamps and the light intensity was 300-450 lux at the surface of water. Under such a condition, internodal cells grew quickly, and young and long internodal cells suitable for application of both techniques, vacuolar perfusion and permeabilization, were obtained.
It must be noted that cells were permeabilized within about an h after harvesting from the culture, since permeabilization becomes difficult with time after harvest of cells from culture.
Analysis in vacuole-perfused and permeabilized cell
Experiments were carried out according to Shimmen and MacRobbie (1987) . The vacuole was weakly stained with neutral red (NR) by incubating internodal cells in APW supplemented with 2 mM HEPES-NaOH (pH 7.5) and 30 mM NR (Fig. 1b) . After cutting both cell ends, the vacuole was perfused with either one of two types of artificial cell sap (ACS) according to Tazawa (1964) . One containing 120 mM KCl and 10 mM CaCl 2 (about pH 5.6, unbuffered, 240 mOsm) was named Cl-type ACS. Another containing 60 mM K 2 SO 4 , 10 mM CaSO 4 and 80 mM sorbitol (about pH 5.6, unbuffered, 240 mOsm) was named SO 4 -type ACS. Complete replacement of natural cell sap with ACS was checked by loss of the red color in the vacuole (Fig. 1c) . By this perfusion, pH-buffering substances in the natural cell sap were removed from the vacuole. Four cell fragments were prepared by ligation with polyester thread and cutting the perfused cell ( Fig. 1d, e) .
The plasma membrane of these cell fragments was then permeabilized, according to Shimmen and Tazawa (1983) . Two among four cell fragments were first pretreated in an ice-cooled Cl-type Mg (200) medium (Table 1) for 20-30 min to remove Ca 2+ from the cell surface. They were then transferred into an ice-cooled Cl-type Mg (340) medium (Table 1 ) and incubated for 10 min. Since the osmolarity of the cell is lower than that of Mg(340) medium, plasmolysis is induced. Plasmolysis in the absence of external Ca 2+ under low temperature induces permeabilization of the plasma membrane ( Fig. 1f ) (Shimmen and Tazawa 1983) . Successful permeabilization of the plasma membrane was checked by observing the absence of cytoplasmic streaming in the Mg(340) medium lacking ATP (Shimmen and Tazawa 1983) . Another two cell fragments were first pretreated in an ice-cooled SO 4 type Mg(140) medium (Table 1) for 20-30 min. They were then transferred into an ice-cooled SO 4 type Mg(340) medium (Table 1) and incubated for 10 min (Fig. 1f ).
To activate the proton pump of the tonoplast, the permeabilized cell fragments were incubated in the Mg(340) medium supplemented with 0.2 mM PP i (or 1 mM ATP), 60 mM NR in the presence or absence of 20 nM cPrG for 90 min in darkness at 24-26°C. The acidification of the vacuole was qualitatively evaluated by the accumulation of NR in the vacuole (Fig. 1g) . Four types of experiments could be constructed with respect to anion species on both sides of the tonoplast. All experiments were repeated 3-6 times.
Analysis in vacuole-perfused cell
The effect of Cl -in the vacuole on the cPrG action was also analyzed without permeabilization of the plasma membrane of living cells. The pH of the natural cell sap is about 4.9 . When the pH of the vacuole was increased by the vacuolar perfusion, it recovered to the original level due to activities of proton pumps (Moriyasu et al. 1984) . In the present study, effects of Cl -and cPrG on this recovery process of pH in the vacuole was analyzed. In this experiment, the cell sap was collected by vacuolar perfusion and its pH was measured with a glass pH electrode. Therefore, the volume of cell sap must be large enough for measurement of pH with the electrode. Cells grown under ordinary conditions were used. After cells were isolated from neighboring cells, they were kept in APW at least overnight.
After cutting both cell ends, the vacuoles were perfused with either the Cl-type ACS, [120 mM KCl, 10 mM CaCl 2 and 0.2 mM MES (pH 6.5, 240 mOsm)], or SO 4 -type ACS [60 mM K 2 SO 4 , 10 mM CaSO 4 , 0.2 mM MES and 80 mM sorbitol (pH 6.5, 240 mOsm)]. After complete replacement, both cell ends were closed by ligation with strips of polyester thread (Tazawa 1964) . Cells were incubated in APW supplemented with 0.2 mM CaCl 2 and 2 mM HEPES (pH 7.0) under dim light at 24-26°C for 60 min in the presence or absence of 30 nM cPrG. Measurement of pHv was carried out according to Fujii et al. (1979) . After cutting both cell ends, the cell sap was pushed out and collected into a glass capillary by slowly perfusing the vacuole with liquid paraffin. Attention was paid to avoid contamination of the cytoplasm. The collected vacuolar sap was blown out on Parafilm (American National Can TM, Nenasha, WI, U.S.A.), and the pH was measured by a glass pH electrode (Fuji Chemical Measurement Co. Ltd., 
Results
Analysis in vacuole-perfused and permeabilized cell
To examine the effect of Cl -in both sides of the tonoplast, the Cl -concentration in the vacuole and that in the cytoplasmic space were modified by applying both vacuole perfusion and permeabilization techniques to the same cell. Permeabilized cell fragments showed accumulation of NR in the Mg(340) medium in an ATP-or PP i -dependent manner MacRobbie 1987, Nakayasu et al. 1999) .
First, experiments were carried out using permeabilized cell fragments containing the Cl-type ACS in the vacuole ( Fig.  2A) . Four permeabilized cell fragments containing the Cl-type ACS in the vacuole were prepared from a single cell. Takeshige and Tazawa (1989) reported a value of 193 mM for the PP i con- centration in the cytoplasm of Chara. Therefore, the V-PPase of permeabilized cell fragment was energized by adding 0.2 mM PP i to the medium on the cytoplasmic side, Mg(340) medium. Two fragments were energized using Cl type Mg(340) medium without (A-a) or with 20 nM cPrG (A-b). Significant accumulation of NR was induced by 0.2 mM PP i (A-a) and it was completely inhibited by 20 nM cPrG (A-b).
Another two permeabilized cell fragments were energized with 0.2 mM PP i using SO 4 type Mg(340) medium ( Fig. 2A-c,  d ). Absence of Cl -in the cytoplasmic side did not affect PP i -dependent NR accumulation (A-c). This NR-accumulation was completely inhibited by 20 nM cPrG (A-d). Thus, the absence of Cl -in the cytoplasmic side of the tonoplast did not affect the action of cPrG.
Next, four permeabilized cell fragments containing SO 4 type ACS in the vacuole were prepared from a single cell (Fig.  2B) . Two fragments were energized using Cl type Mg (340) Thus, lack of Cl -on the cytoplasmic side of the tonoplast did not affect the cPrG action. On the other hand, lack of Cl -in the vacuole cancelled the cPrG action, irrespective of Cl -on the cytoplasmic side.
The experiments were also carried out using 1 mM ATP instead of 0.2 mM PP i . The same result was obtained as that with PP i (data not shown). NR accumulation in permeabilized cell fragments containing the SO 4 -type ACS was less significant than that in permeabilized cell fragments containing the Cl-type ACS. The inhibitory effect of cPrG on NR accumulation induced by ATP was cancelled in permeabilized cell fragment containing the SO 4 -type ACS in the vacuole. Thus, Cl -in the vacuole is necessary for action of cPrG but that in the cytoplasm is not.
Analysis in vacuole-perfused cell
Next, we examined the effect of Cl -in the vacuole on cPrG action in living cells (Fig. 3) . Internodal cells of Chara were perfused with either the Cl-type or SO 4 -type ACS whose pH had been adjusted at 6.5. The perfused cells were incubated in APW for 60 min. The pHv value decreased to about 5.2 in both cases. In the presence of cPrG, pHv remained at about 5.8 in cells containing Cl type ACS in the vacuole. In cells containing the SO 4 -type ACS, however, the decrease in pHv was not inhibited by cPrG. This suggests that the lack of Cl -in the vacuole also suppressed the action of cPrG in living cells.
Discussion
We have reported that cPrG inhibited the acidification of the tonoplast vesicle from mung bean, but not the hydrolysis activity of V-ATPase and V-PPase (Maeshima et al. 1999 ). This inhibition of vesicle acidification depended on the presence of Cl -in the medium. Other prodigiosins, prodigiosin, metacycloprodigiosin and prodigiosin 25-C, have been reported to work as a H + /Cl -symporter . We suggested that cPrG also uncouples PPase and ATPase activity as a H + /Cl -symporter (Maeshima et al. 1999 ). In the experiments using tonoplast vesicles, however, the effect of external and internal Cl -on cPrG action could not be separated. When Cl -was added to the external medium of the tonoplast vesicle prepared in the absence of Cl -, cPrG worked to inhibit acidification (Maeshima et al. 1999) . This suggested that the Cl -concentration in the vesicle reached an effective concentration to support cPrG during measurement. This was probably due to permeability of the membrane to Cl -and high surface/volume ratio of vesicles.
In the present study, we applied the vacuolar perfusion technique and plasma membrane permeabilization technique to control the Cl -concentration on both sides of the tonoplast in internodal cells of Chara. Owing to these techniques, we were able to independently control the Cl -concentration on both sides of the tonoplast. Since the tonoplast of characean cells is equipped with Cl -channels (Shimmen and Nishikawa 1988) , Cl -should flow into the vacuole of the permeabilized cells during the cPrG experiment. However, cPrG did not work in permeabilized cells lacking Cl -in the vacuole, even in the pres- ence of Cl -in the external medium ( Fig. 2B-b) . This is probably due to the fact that the surface/volume ratio of the vacuole of permeabilized cells is exceedingly smaller than that of the vesicle. As a conclusion, it was unequivocally demonstrated that Cl -in the vacuole but not that in the cytoplasm is necessary for cPrG action to inhibit vacuole acidification in situ (Fig. 2) .
Although the permeabilized cell kept the function of the tonoplast, this cell was already dead The vacuole-perfused cell was not intact but can survive (living). Active cytoplasmic streaming was observed after the vacuolar perfusion, indicating that the cell was still alive. The vacuole-perfused cells could survive for more than 30 d (Tazawa 1964) . In vacuoleperfused cells, Cl -inside the tonoplast was also necessary for the action of cPrG to transport H + . This experiment strongly suggested that cPrG works as a H + /Cl -symporter also in living cells.
In permeabilized cells, accumulation of NR in the absence of cPrG into the vacuole lacking Cl -( Fig. 2B -a, c) was less significant than that into the vacuole containing Cl -( Fig.  2A-a, c) . It seems that the absence of Cl -slightly inhibited H + transport by proton pumps, although the mechanism remains unsolved. Although the acidification of the vacuole in the absence of cPrG was affected by the lack of Cl -in the vacuole in permeabilized cells (Fig. 2) , it was not affected in living (vacuole-perfused) cells (Fig. 3) . This discrepancy might have been caused by the following two reasons. (1) The method of evaluation of vacuole acidification was different. In the permeabilized cell, the vacuolar pH was estimated by accumulation of NR. On the other hand, it was measured by pH electrode after isolation of the cell sap in living cells. (2) The proton pumping activity of living cells might be stronger than that of permeabilized cells.
The present study unequivocally showed that Cl -in the vacuole is necessary for manifestation of cPrG action to collapse chemical potential gradient of H + across the tonoplast in situ. This experiment was realized by taking advantage of the unique system of characean cells, where chemical composition of both sides of the tonoplast can be freely controlled by applying vacuole perfusion and permeabilization techniques. Characean cells have been a suitable system for studies on membrane physiology of plants (Tazawa et al. 1987 ). The present approach should be useful in the studies on the physiological function of the tonoplast in situ.
Since the plant vacuole contains abundant Cl - (Tazawa et al. 1974) , this is one of the primary targets of cPrG in plant cells. Previously, we reported that the velocity of cytoplasmic streaming was unaffected even when vacuole acidification was severely inhibited by cPrG , indicating that a drastic change did not occur in the ATP level and cytoplasmic pH. Therefore, cPrG may be used as a tool to analyze the function of the acidic vacuole in plant cells. The present study aimed at analyzing the role of Cl -for cPrG action on the vacuole. Further studies on the effect of cPrG on various physiological activities are needed.
